Elucidating the mechanism of genetic exchange is fundamental for understanding how genes for such traits as virulence, disease phenotype, and drug resistance are transferred between pathogen strains. Genetic exchange occurs in the parasitic protists Trypanosoma brucei, T. cruzi, and Leishmania major, but the precise cellular mechanisms are unknown, because the process has not been observed directly. Here we exploit the identification of homologs of meiotic genes in the T. brucei genome and demonstrate that three functionally distinct, meiosis-specific proteins are expressed in the nucleus of a single specific cell type, defining a previously undescribed developmental stage occurring within the tsetse fly salivary gland. Expression occurs in clonal and mixed infections, indicating that the meiotic program is an intrinsic but hitherto cryptic part of the developmental cycle of trypanosomes. In experimental crosses, expression of meiosis-specific proteins usually occurred before cell fusion. This is evidence of conventional meiotic division in an excavate protist, and the functional conservation of the meiotic machinery in these divergent organisms underlines the ubiquity and basal evolution of meiosis in eukaryotes.
African trypanosomes | Kinetoplastida | Euglenozoa | fluorescent reporter | Glossina E lucidating the mechanism of genetic exchange is fundamental for understanding how genes for such traits as virulence, disease phenotype, and drug resistance are transferred within pathogen populations (1) . The African trypanosome Trypanosoma brucei is representative of a group of kinetoplastid protozoa that are responsible for several vector-borne diseases important to human and animal health worldwide. Analysis of the inheritance of markers has been used to demonstrate genetic exchange in kinetoplastids, first in T. brucei (2) and more recently in T. cruzi (3) and Leishmania major (4). In T. brucei, the pattern of inheritance is predominantly Mendelian, indicating the occurrence of meiosis or a similar process (5) , but polyploid hybrids also frequently occur (6) . In contrast, T. cruzi undergoes some form of parasexual process involving cell fusion and subsequent gene loss apparently in the mammalian host (3) . Current knowledge of genetic exchange in these three parasites has been recently reviewed in the context of the evolution of sexual reproduction in microbial pathogens (7) .
The cellular events involved in genetic exchange in trypanosomes have long been the subject of speculation, for several reasons. First, despite the intensive work over the past 100 y on describing the complex life cycle of T. brucei, which includes at least 10 successive developmental forms (reviewed in ref. 8) , cells undergoing meiosis have not been identified. Second, trypanosomes have a fixed, cage-like, microtubule cytoskeleton underlying the plasma membrane that defines the elongated cell shape and have a single flagellum subtended by a basal body that is physically linked by sets of filaments to the mitochondrion and mitochondrial genome, the kinetoplast (9) (10) (11) . Inheritance of the basal body and flagellum cannot use established replication mechanisms during the reduction division of meiosis, because the generation of new organelles is linked to DNA replication (11) (12) (13) , and the fixed microtubule cytoskeleton would not allow nuclear fusion without partial disassembly. Third, the process of genetic exchange in T. brucei involves mixing of mitochondrial (kinetoplast) and nuclear genomes, because hybrid progeny have hybrid kinetoplast DNA (kDNA) networks with mini-circles derived from both parents (14, 15) . Plausible models for the generation of hybrid kDNA networks are limited by the complex structure and highly ordered replication of this concatenated mass of small DNA circles (16) . Finally, trypanosomes belong to the Euglenozoa, a deep branch within the excavate eukaryote supergroup (17, 18) . The production of four haploid gametes and subsequent fusion to reform the diploid occurring in trypanosomes would strongly suggest the presence of a typical meiosis in the last eukaryotic ancestor. The only other excavate in which a form of genetic exchange has been investigated in depth is Giardia, a distantly related diplomonad, in which genetic exchange occurs without cell fusion. Vegetative Giardia cells contain two nuclei that are maintained separately throughout the cell cycle. However, during formation of the tetranucleate cyst, the two nuclei express genes characteristic of meiosis in other eukaryotes, and may fuse and exchange genetic material (19) . Whether this process is an evolutionary derivative or an alternative to classical meiosis is unclear (7) . Trypanosomes have a single nucleus and must use a different strategy for genetic exchange.
The unique features of meiosis that set it apart from mitosis are the pairing of homologous chromosomes, the formation of synaptonemal complexes (SCs) and recombination between nonsister chromatids during prophase I, and the segregation of homologs in the first meiotic division. Well-characterized proteins intrinsic to these unique processes include Spo11 (20) , Mnd1, Dmc1 (21) (all three of which function in processing DNA during recombination), and Hop1 (22) (a component of the SC). These four meiosisspecific genes occur widely in yeast, animals, and higher plants, and homologs have been found in the trypanosome genome (23, 24) .
In T. brucei, meiosis is predicted to occur in the tsetse fly vector because this, rather than the mammalian host, is the site of genetic exchange (2) . When a tsetse fly feeds on an infected host, ingested trypanosomes first differentiate and multiply in the midgut for a week or so before migrating to the salivary glands (SGs), where they differentiate into epimastigotes that attach to the SG epithelium via an elaborated flagellar membrane (25) . The epimastigotes proliferate and subsequently differentiate again into infective metacyclics that are transferred into new hosts via the saliva when the fly takes a bloodmeal. The SGs have been identified as the location of mating; in experimental crosses of red and green fluorescent trypanosomes, yellow fluorescent hybrids appeared in the SGs but were not found in the midgut or among migrating trypanosomes (6) .
Investigation of SG trypanosomes is technically challenging, because there is no culture system and few experimentally infected tsetse flies develop SG infection. An infected SG contains few trypanosomes, particularly in the early phase of colonization. These factors thwart most cell biology approaches, including the use of antibodies; however, fluorescent protein reporters enable detection of even a single fluorescent trypanosome (26, 27) . Here, we demonstrate that three fluorescently tagged, functionally distinct, meiosis-specific proteins are expressed in the nucleus of a specific type of dividing cell in the SG, and infer that this developmental form is the meiotic stage of the trypanosome life cycle.
Results
Expression of Meiosis-Specific Genes. Homologs of meiosis-specific genes (HMGs) were identified by phylogenomic analysis of the T. brucei genome (23, 24) . Four HMGs encoding proteins that function solely during meiosis and are expressed only during meiosis in the other eukaryotes analyzed to date were selected: DMC1, Tb09.211.1210; HOP1, Tb10.70.1530; MND1, Tb11.02.3380; and SPO11, Tb927.5.3760. All four proteins function during homologous recombination during the prophase of meiosis I: SPO11 initiates recombination by introducing a double-stranded break, MND1 stabilizes heteroduplexes after double-stranded break formation, DMC1 is a homolog of RAD51 and promotes strand exchange, and HOP1 is a component of the lateral elements of the SC.
We reasoned that if the function of the HMG proteins in trypanosomes were conserved, then expression of HMGs would be restricted to meiotic cells and the proteins would be absent in other cell types. To identify any developmental stage that expressed HMGs, we prepared transgenic cell lines in which one of the two HMG alleles was modified to become an N-terminal YFP fusion (YFP::HMG). In addition to the ORF, the modification altered the 5′ UTR, but the 3′ UTR was unaltered and expression relied on endogenous transcription. The modifications were performed in cultured procyclic lines of the mating-competent T. b. brucei strain J10 (6, 28) , and all cell lines were taken through at least one complete life cycle.
Expression of YFP::MND1, YFP::DMC1, and YFP::HOP1 was restricted to a subset of trypanosomes in the SGs ( Fig. 1 and Movie S1). In these cells, intense fluorescence was localized to the cell nucleus in the majority of cells, with a punctate pattern for YFP::DMC1 and YFP::HOP1 (Fig. 1) ; some YFP::DMC1 cells also exhibited weak fluorescence in the cytoplasm. These observations agree with those for yeast; Dmc1 localizes to discrete foci in the nucleus (29) , and Hop1 also should produce punctate fluorescence, because it is a component of SC lateral elements (22) . YFP::MND1 was diffuse throughout the nucleus, again similar to yeast (30) . YFP fluorescence was not observed in any other developmental stage, including earlier forms from the midgut or proventriculus ( Table 1) .
Examination of two independent clones of each transgenic line revealed expression in most SGs examined at 14-33 d after infection ( Table 1 ). The proportion of fluorescent trypanosomes per SG was variable, being most prevalent in SGs dissected 17-21 d after infection. Expressers never constituted more than an estimated 20% of the population. (Counts were approximate because nonfluorescent trypanosomes were obscured by the SG's thick walls and expressers were distributed unevenly.) Expression of YFP:: SPO11 was not detected in any life cycle stage (three independent clones analyzed; Table 1 ). This negative result is not interpretable; it may indicate that SPO11 is not expressed, but other possible explanations are that expression was below the threshold of detection and/or very transient, or that modification of the gene interfered with regulation of expression or protein stability.
Morphology of HMG Expressers. In trypanosomes, the mitochondrial DNA is concatenated in the kinetoplast, which appears as a small, extranuclear body in cells stained for DNA. Morphologically, cells expressing YFP::HMGs were identified as epimastigotes, because the kinetoplast was anterior to the nucleus (Fig. 1A) . When live cells were observed in dissected SGs, some of the trypanosomes expressing YFP::HMGs were attached epimastigotes (Movie S1), whereas others were unattached and spilled out of the SGs with the saliva. However, cells expressing YFP::HMGs differed from the previously described SG epimastigotes, with the posterior lacking the characteristic elongated protrusion (Fig. 1B) (25) and the nucleus often occupying the posterior end of the cell rather than the usual central position ( Fig. 1 A and B) . Cells expressing YFP::HMGs clearly had two well-separated kinetoplasts (Fig. 1A) , indicating that they were in late stages of the cell cycle. In other developmental stages, the two daughter kinetoplasts separate in G2 before mitosis (12, 13) .
Trypanosome cell lines carrying YFP::HMG transgenes were further modified to express a YFP::PFR1 transgene, so that they constitutively expressed YFP fused to the paraflagellar rod (PFR) component, PFR1 (31) . These cell lines were used to visualize flagella in cells expressing YFP::HMGs, which confirmed that epimastigotes expressing YFP::HMGs have two flagella as well as two kinetoplasts ( Fig. 2A) . In cultured trypanosomes, the new flagellum appears to contain less PFR1 per unit length compared with the old flagellum (Fig. 2B) . In epimastigotes expressing YFP::HMGs, the intensity of YFP::PFR1 fluorescence was consistent with the anterior flagellum being the old flagellum ( Fig. 2A) . The PFR in the new flagellum was noticeably shorter in cells expressing YFP::MND1 than in cells expressing YFP::HOP1 (Movies S2 and S3). Given that PFR length is a measure of cell cycle progression (12) , this observation suggests a way to ascertain the temporal order of expression of the YFP::HMGs. We could not measure the length of the new PFR directly in fixed cells, because that PFR runs alongside the old PFR. Instead, we measured the distance between the starts of the old and new PFRs and used it as a proxy for the separation of the old and new basal bodies during cell division (11) (12) (13) [Fig. 3A, (a) ]. The shortest values were obtained for cells expressingYFP::MND1, indicating that MND1 is expressed before DMC1 or HOP1 ( Fig. 3B ; inter-PFR distance). The total cell length of YFP::HOP1 expressers was significantly greater than that of MND1 or DMC1 expressers ( Fig. 3B ; total cell length), indicating that a later stage of the cell cycle had been reached in the HOP1 expressers. These two parameters thus provided a temporal framework for the interpretation of other morphological changes. Although the size of the nucleus did not change significantly ( Fig. 3B; nucleus area) , the three YFP::HMG expressers demonstrated changes in the shape and position of the nucleus (Fig. 3 A and B) . The nucleus was closer to the posterior pole in YFP::DMC1 and YFP::HOP1 expressers relative to YFP::MND1 expressers ( Fig. 3B ; posterior nucleus), and was both close to the posterior and elongated in YFP::HOP1 expressers ( Fig. 3B; nucleus length) . Whereas the distance between the two kinetoplasts remained constant ( Fig.  3B; kin1-kin2) , the distance between the new kinetoplast and the nucleus increased progressively ( Fig. 3B; nucleus-kin1) . The progression of changes in cell morphology is summarized in Fig. 3C . The order of expression of trypanosome HMGs derived here-MND1 followed by DMC1, followed by HOP1-agrees with the sequence of events in other eukaryotes (21, 22, 30) . Cell fusion, usually involving haploids, is an integral part of mating in most eukaryotes. In trypanosomes, hybrid clones contain kinetoplast DNA from both parents, indicating that mitochondrial fusion (and hence cell fusion) has occurred (14, 15), but whether meiosis precedes cell fusion or vice versa is not known. To determine the temporal order of meiosis and cell fusion, we crossed either J10 YFP::DMC1 or J10 YFP::HOP1 with 1738 mRFP. In previous crosses of red and green fluorescent lines of J10 and 1738, yellow hybrids were observed in most SGs containing a mixed infection of both parental lines, but not in those with a single infection (6) . For the J10 YFP::DMC1 × 1738 mRFP cross, none of the YFP::DMC1 expressers (21 flies with mixed SG infections) also had red fluorescence, indicating that meiosis precedes fusion (Fig. 4A) . The same result was observed for the majority of YFP::HOP1 expressers in the J10 YFP::HOP1 × 1738 mRFP cross (13 flies with mixed SG infections). However, in two SGs, a minority of trypanosomes with red cytoplasm also had punctate yellow fluorescence in the nucleus (Fig. 4B) , indicating that cell fusion may occasionally occur before meiosis is complete. Other than these very rare events, scrutiny of SGs with mixed infections yielded no evidence of fusion between meiotic J10 trypanosomes and 1738 mRFP. We verified the production of hybrid trypanosomes in these crosses by cloning and microsatellite genotyping progeny clones from each cross (6) ( Table S1 ).
Presence of Haploids. Conventionally, meiosis I ends with partitioning of the chromosomes to yield two 2N nuclei, each of which gives rise to two haploid nuclei, and this occurs without any further replication of DNA. In the trypanosome expressing HOP1, division appears to be far advanced and about to yield two trypanosome cells, each with its own kinetoplast and flagellum. Each of these cells will have a 2N nucleus, which may complete meiosis II to give two haploid nuclei within the same cell or, alternatively, go on to divide again to produce haploid gametes (Fig. 5) . Another replication of the kinetoplast and flagellum is unlikely, given the tight linkage between replication of these organelles and the nuclear DNA (9-13), so two types of haploid cell may occur (Fig. 5) . To search for haploid cells, we used K11, a trypanosome cell line expressing GFP under control of the Tet repressor (35) . Segregation of the chromosomes carrying the GFP reporter and repressor loci during meiosis should yield fluorescent haploid trypanosomes. No fluorescent trypanosomes were seen in 11 SGs dissected at 16-30 d after infection with K11, although morphologically identifiable meiotic trypanosomes were present on days 17 and 21. In tetracycline-induced K11 from macerated SGs, GFP fluorescence was just visible after 3 h and intense by 7 h; thus, transient haploids persisting for <5 h would not have been detected in this experiment. We conclude that either no haploids were produced or any haploids produced were very transient.
Discussion
In T. brucei, the pattern of inheritance of genetic markers is Mendelian (5), so recombination between homologs and independent assortment of chromosomes must occur. The cell biology of this process is intriguing. Despite a century of inquiry, no meiotic cells have been identified. The reduction divisions must involve a departure from the paradigm established for mitotic division, where the duplication of the basal body and flagellum is integrated into the cell cycle, and the adjustments to Fig. 2 . For PFR, n = 13 for MND1 and DMC1 and n = 18 for HOP1; for other parameters, n = 11 for MND1 and HOP1 and n = 14 for DMC1. P values were calculated by ANOVA and Tukey's post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars are SEM. (C) Comparative morphology of HMG expressers based on mean values (1-μm grid). The short inter-PFR distance places MND1 expressers at the start of the series; the cell length of HOP1 expressers places them at the end of the series. The nucleus progressively elongates and moves posteriorly. The relative position of the kinetoplasts remains constant.
the subpellicular microtubule corset necessary for nuclear and mitochondrial fusion must be novel (9-13).
Here we have identified the likely meiotic stage of the trypanosome life cycle by identifying a developmental form that expresses three different HMGs characteristic of meiotic prophase I. The three YFP::HMGs exhibited a similar pattern of expression, with strong fluorescence only in the nuclei of morphologically distinct, dividing epimastigotes present in the SGs. The temporal order of expression of the three HMGs followed that seen in other eukaryotes and concurred with the functional roles of these proteins during meiosis (21, 22) . MND1 was expressed first, and HOP1 was expressed last. In other eukaryotes, HOP1 is a component of the SC lateral elements, and thus we interpret the punctate fluorescence observed here for this fusion protein as the direct visualization of SC in trypanosomes. The identification of cells expressing HMGs in the SGs is consistent with this being the location of mating (6) . Although meiosis is the most straightforward interpretation of the expression of these three HMGs, alternative explanations could center around DNA repair. This is unlikely for DMC1, however, given that double knockout produced no detectable phenotype in bloodstream forms (36) .
After pairing of homologs, the second unique feature of meiosis is the reductive divisions to produce haploids after the separation of homologs in meiosis I and of sister chromatids in meiosis II. Proteins that could be used to mark cells during the meiotic divisions, such as Rec8 (37) or SgoI (38) in yeasts, are either not present or not readily identifiable in the trypanosome genome, and we are currently unable to specifically mark trypanosomes undergoing the meiotic divisions. Therefore, we have no information on what becomes of the trypanosome after YFP:: HOP1 is degraded along with the rest of the SC at the end of pachytene. In the trypanosome expressing YFP::HOP1, the kinetoplasts are widely separated and the new and old flagella are of similar length, indicating that cell division is imminent (13) . Such a division would yield two daughter cells each with a 2N nucleus. Meiosis II could then yield haploid gametes or two haploid nuclei within the same cell (Fig. 5) . In the former case, it seems unlikely that each gamete would have a kinetoplast and a flagellum, given the tight control of organelle replication within the cell cycle (13) . Our experiment to detect haploids using segregation of GFP and repressor genes indicates that haploid cells, if present, are transient (<5 h). Further work is needed to reveal the nature of the products of meiotic division.
The finding of HMG expression during infections initiated with both single clones and mixtures of different trypanosome strains in genetic crosses indicates that HMG expression is not triggered by the presence of nonself trypanosomes. We infer that meiosis may be a normal part of the trypanosome developmental cycle in the fly, contrary to the traditional narrative that includes only mitotic divisions. In laboratory crosses, mating (and hence meiosis) is considered to occur rarely and only when two different trypanosome strains are present, although low frequencies of intraclonal mating have been detected in both single transmissions and cotransmissions of different strains (32) (33) (34) . Even though we observed fluorescence in only a small proportion of trypanosomes at any one time, it remains possible that all SG trypanosomes undergo meiosis at a certain point during establishment of the SG infection. Trypanosome invasion and colonization of the SG are not synchronous, and chance dictates that we would catch few trypanosomes in a process that probably lasts only a matter of hours. The expression of HMGs early in infection is also consistent with the timing of hybrid production, which starts as early as 13 d after fly infection (6) .
Tracking the expression of fluorescently tagged genes has proven to be a powerful approach to identifying and characterizing a rare cell type. Despite the very small number of cells available for analysis, our tagging of several genes that function sequentially in the same process has elucidated details of the timing and progression of events. The parallels between meiosis in trypanosomes and meiosis in yeast underscore the ubiquity and basal evolution of meiosis in eukaryotes.
Materials and Methods
Trypanosomes. Two tsetse-transmissible strains of Trypanosoma brucei brucei were used: J10 (MCRO/ZM/73/J10 CLONE 1) (39) and 1738 (MOVS/KE/70/1738) (40) . The 1738 mRFP carried a transgene for monomeric red fluorescent protein (6, 41) . Strain K11 is derived from T. b. gambiense group 2 [MHOM/CI/ 78/TH2 (78E)] (42) and contains a GFP gene driven by a procyclin promoter under control of the tet repressor (35) . Procyclic form (PF) trypanosomes were grown in Cunningham's medium (CM) (43) supplemented with 10% vol/vol heat-inactivated FCS, 5 μg/mL of hemin, and 10 μg/mL of gentamycin at 27°C.
Transfection. Fusion constructs were assembled in plasmid vectors (44) . For the HMGs (DMC1, Tb09.211.1210; HOP1, Tb10.70.1530; MND1, Tb11.02.3380; SPO11, Tb927.5.3760), the gene for enhanced YFP was fused to the N terminus of the endogenous ORF, whereas for PFR1 (Tb927.3.4290), a C-terminal fusion was used. Expression of the modified gene and selectable marker gene relied on endogenous transcription; the 3′ UTR of the modified gene was unaltered, because this was the most likely location of determinants of developmentally regulated expression (45) . PF trypanosomes were transfected by electroporation using two pulses of 1.5 kV, 25 μF, and transfectants were selected at 16 h or 24 h postelectroporation by the addition of appropriate antibiotics. Clones were obtained by limiting dilution of PF trypanosomes in CM in 96-well plates incubated at 27°C in 5% CO 2 . Correct integration was verified by PCR on genomic DNA templates using primers spanning the integration site (the left primer complementary to the YFP gene, and the right primer within the original 3′ end of the targeted gene). None of the HMG transfectants exhibited expression of the fluorescent fusion gene as cultured PF trypanosomes.
Tsetse Transmission. Tsetse flies were offered a bloodmeal containing bloodstream form (BF) or PF trypanosomes at 24-48 h posteclosion as their first feed. The bloodmeal consisted of ∼8 × 10 6 BF trypanosomes mL −1 in sterile horse blood or ∼10 7 PF trypanosomes per mL of washed horse red blood cells resuspended in HBSS, supplemented with 10 mM L-glutathione (46) . Infected flies were maintained on sterile horse blood supplemented with 2.5% wt/vol BSA (47) and 1 mM dATP (48) until dissection. Flies were dissected up to 9 wk after the infective feed. Metacyclics from infected SGs were inoculated into mice; if required, BF trypanosomes were subsequently transformed to PF trypanosomes by incubation in CM at 27°C.
Tsetse Dissection. Fly organs (SGs and alimentary tract from the proventriculus to the hindgut) were dissected in a drop of PBS and examined for the presence of fluorescent trypanosomes using a DMRB microscope (Leica) equipped with a Retiga EXi camera (QImaging) and Volocity imaging software (PerkinElmer). Cells were fixed in 2% wt/vol paraformaldehyde at room temperature for 20 min and stained with DAPI in VECTASHIELD mounting medium (Vector Laboratories) to visualize the nucleus and kinetoplast. PF trypanosomes grown in culture were washed in PBS before fixation, improving preservation of their morphology; this was not possible for the small number of SG trypanosomes available.
Genotype Analysis. Genomic DNA was prepared from PF trypanosomes using a spin column DNA purification kit (Qiagen). Microsatellite analysis was performed by PCR as described previously (6) using loci on a total of four chromosomes (5) . Products were resolved by electrophoresis in 1× TAE buffer through 3-5% MetaPhor agarose (Lonza) gels.
Statistical Analysis. ImageJ software (http://rsb.info.nih.gov/ij) was used to analyze digital images of fixed, DAPI-stained trypanosomes expressing HMGs; measurements are indicated in Fig. 3A . The distance between the start of the new and old PFRs was measured in trypanosomes coexpressing YFP::HMG and YFP::PFR1 by following the new PFR from its start to the start of the old PFR. Because the PFR begins at a short, fixed distance from the basal body (9) , this serves as a proxy for the position of the basal body. Data were analyzed using the SPSS statistical package (SPSS).
